In the proposed model with interaction between dark energy and dark matter, we consider cosmological scenarios with different equations of state (w d ) for dark energy. For both constant and variable equation of state, we analyze solutions for dark energy and dark matter in seven variants of the model. We investigate exact analytic solutions for w d = constant equation of state, and several variants of the model for variable w d . These scenarios are tested with the current astronomical data from Type Ia Supernovae, baryon acoustic oscillations, Hubble parameter H(z) and the cosmic microwave background radiation. Finally, we make a statistical comparison of our interacting model with ΛCDM as well as with some other well known non-interacting cosmological models. The current accelerated expansion of the universe ascertained from several astronomical sources [1] [2] [3] [4] [5] [6] [7] is one of the appealing fields of research in modern cosmology. To explain such accelerated expansion, either one needs some hypothetical dark energy fluid in the framework of general relativity or claims direct modifications into the gravitational sector leading to several modified gravity theories. However, a large number of observational data favor the existence of ΛCDM-cosmology where the cosmological constant fluid acts as a hypothetical dark energy fluid occupying almost two third of the total energy density of the universe and the cold dark matter (CDM) fluid is responsible for the structure formation of the universe. Nevertheless, the cosmological constant problem [8] and the cosmic coincidence problem [9] associated with the ΛCDM cosmology lead to several alternative descriptions aiming to decode the dynamics of the universe, such as the dynamical dark energy models, modified gravity models, and some others. For a comprehensive discussions on such models and their effects on the dynamics of the universe, we refer [10] .
The current accelerated expansion of the universe ascertained from several astronomical sources [1] [2] [3] [4] [5] [6] [7] is one of the appealing fields of research in modern cosmology. To explain such accelerated expansion, either one needs some hypothetical dark energy fluid in the framework of general relativity or claims direct modifications into the gravitational sector leading to several modified gravity theories. However, a large number of observational data favor the existence of ΛCDM-cosmology where the cosmological constant fluid acts as a hypothetical dark energy fluid occupying almost two third of the total energy density of the universe and the cold dark matter (CDM) fluid is responsible for the structure formation of the universe. Nevertheless, the cosmological constant problem [8] and the cosmic coincidence problem [9] associated with the ΛCDM cosmology lead to several alternative descriptions aiming to decode the dynamics of the universe, such as the dynamical dark energy models, modified gravity models, and some others. For a comprehensive discussions on such models and their effects on the dynamics of the universe, we refer [10] .
Amongst several dark energy and modified gravity models, interacting dark energy models have gained significant attention due to having a reasonable explanation to the cosmic coincidence problem. A number of investigations in this direction have been performed during last couple of years [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Recently, a series of analysis shows that the current observational data prefer a nonzero interaction in the dark sector [28] [29] [30] [31] [32] [33] . On the other hand, the dark sector's interaction may alleviate the current tension on local value of the Hubble constant and on σ 8 as well [31, 32, [34] [35] [36] . Further, it has been discussed that some appropriate choice of an interaction between the dark components can influence effectively on the perturbation analysis which results in quite no-table differences in the lowest multipoles of the cosmic microwave background spectrum [37, 38] . And sometimes it is possible to address the phantom universe [39] [40] [41] [42] [43] [44] by a nonzero coupling in the dark sector [30, 45, 46] . For a review on interacting dark energy and its several consequences see [47, 48] . Therefore, based on the above arguments it is evident that the possibility of mutual interaction in the dark sectors may serve as an alternative description to understand the dynamical evolution of the universe.
In the present work we thus consider the scenario of the universe where DE is interacting with CDM through a nongravitational interaction Q which in general is an arbitrary function of the cosmological variables. We consider a particular model of Q [49] which is the linear combination of DE and CDM. We study this interaction model both for constant and variable equation of state in DE and provide an updated constraints on the model parameters using the latest observational data from Union 2.1, Hubble parameter measurements, baryon acoustic oscillation (BAO) data and the cosmic microwave background radiation (CMB). Finally, we make a statistical comparison of the present interacting model with ΛCDM as well as other known non-interacting cosmological models (Sect. 4).
The paper is organized as follows: In section 1, we describe the basic equations of interacting dynamics in the non-flat FLRW model. For the linear interaction between DE and CDM, section 2 presents the analytic solutions for w d = const, in the EoS of DE and 5 variants of the model for variable w d . In section 3, we shortly discuss different joint data analysis techniques and the results of their application to the considered several variants of our model. In section 4, we compare this model with other popular models in describing the same observational data. Finally, in section 5, we summarize the results of the work. Let us note that any subindex "0" attached to any quantity refers its value at present time.
INTERACTING DYNAMICS IN FLRW UNIVERSE
Let us consider the homonegeous and isotropic universe characterized by the Friedmann-Lemmître-Robertson-Walker (FLRW) line element
where a(t) is the scale factor of the universe and k is the spatial curvature which represents a flat, open and closed universe respectively for k = 0, −1, and 1. In such a background, the first Friedmann equation can be written as
where H =ȧ/a, is the Hubble rate of the FLRW universe; ρ is the total energy density of the universe which is the mixture of baryons, cold dark matter and dark energy, i.e. ρ = ρ b + ρ dm + ρ d , where ρ b , ρ dm , ρ d are respectively the energy densities of baryons, CDM and DE. We further assume that CDM and DE are interacting with each other while baryons do not take part in the interation. The energy conservation equation for the total fluid followṡ
Since only CDM and DE interact with each other but baryons do not interact, thus, the evolution for baryons followsρ b + 3Hρ b = 0 =⇒ ρ b = ρ b0 a −3 , while the evolution equations for CDM and DE reaḋ
where Q is the interaction function between the dark sectors. Physically, the interaction is charaterized by some energy flow between the sectors interacting with each other. A positive interaction (i.e. Q > 0) implies the flow of energy from DE to CDM while its negative value denotes the energy flow in the opposite direction. Now, introducing the total energy density of CDM and DE as ρ T = ρ dm + ρ d , it is easy to see that the combination of eqns. (3) and (4) turns intȯ
Now, using Eq. (5), one can express ρ d and ρ dm as follows:
Here primes denote derivatives with respect to the variable x = 3 ln(a/a 0 ) = 3 ln a (We set a 0 = 1 as an usual practice and there is no loss of generality). Thus, once ρ T is determined, the evolution equations for CDM and DE can be understood. However, in the present study we shall concentrate on an interaction function which is the linear combination of the energy densities of CDM and DE. In what follows in the next section we discuss the interacting scenarios both for constant and dynamical equation of state in DE.
VARIANTS OF THE MODEL
We introduce the following interaction [19, 49] 
where λ m , λ d are the coupling parameters that denote the strength (with their magnitudes) and the direction of energy flow (with their signs) between the interacting sectors. Due to the expression (8) the conservation equations (3) and (4) are modified, and finally, we get the following second order differential equation:
which is the master equation to determine the evolution of CDM and DE. Let us proceed with two different possibilities with the equation of state in DE, namely when it is either constant or dynamical with the cosmic evolution.
The case for constant EoS in DE
If w d = constant, the solution of the differential equation (9) becomes [22] 
where ρ 1 , ρ 2 are integration constants, m + , m − are
One can see that for this case, the Hubble function (1) takes an analytic form leading to
Now, using (10), we have the explicit analytic solutions for dust and dark energy as follows:
We mention that in Ref. [49] the analytic solution for this particular linear interaction was discussed assuming that the magnitudes of both coupling parameters are very small, that means, the product λ m λ d was excluded and the cosmlogical scenario wer analyzed for the solution with
Certainly, a detailed analysis with no such restriction is worth investigating. Moreover, the analysis of this model was performed with 194 Supernovae Type Ia data from [50, 51] which needs to be updated with the latest observational data. Thus, in comparison with the previous study, the present one has two fold importance: (i) the solution (10) for general (m + , m − ) completes the study without any information loss, and (ii) here we employ the current observational data which provide better observational constraints on all model parameters. Thus, under (i) and (ii), the present analytic interacting dark energy model could produce some interesting information about this interacting dark energy-dark matter model while constraining it by recent observational data sets.
Further, the usual density parameters for dark matter (Ω dm0 ) and dark energy (Ω d0 ) in terms of the density parameters for the equivalent two fluids Ω 1 and Ω 2 are given by
where
. The values Ω 1 , Ω 2 can be expressed by using the above two equations (11), (12) , their consequence Ω dm0 + Ω d0 = Ω 1 + Ω 2 and the equality
results in from Eq. (1) at the present time t = t 0 . Here
2 . In particular,
Also, we note that the total density parameter for matter is, Ω m0 = Ω dm0 + Ω b0 . In Sect. 3 (see Fig. 1 ) we investigate how solutions (10) describe the observational data for Type Ia supernovae, baryon acoustic oscillations, for the Hubble parameter H(z) and CMB.
Variable EoS in DE
In this section we focus on the interacting models where the EoS in DE, w d , is dynamical. There are several interacting dark energy models with possibility of variable EoS in DE, where reasonable attention has been paid to observational data. In Ref. [52] , the authors investigated an interacting scenario for Q = 3Hλ m ρ m with Chevallier-Polarski-Linder (CPL) parametrization [53, 54] as the equation of state in DE. Also, in Ref.
[18] the authors studied the present linear interaction (8) with CPL parametrization but with very old data (182 Gold Type Ia Supernoave data [55] ). Thus, considering the linear interaction (8) in our discussion, we aim to investigate the interacting dynamics between CDM an DE with some new variable equations of state in w d including CPL [53, 54] and linear parametrization [56] [57] [58] by Union 2.1 compilation [59] along with Hubble parameter measurements, baryon acoustic oscillation and CMB data.
Let us first begin our analysis with the following generalized ansatz
where α, β are real numbers. We note that the EoS (14) is the generalized version of the variable EoS of DE presented in [49] . The solution of Eq. (14) is
In particular, we consider the following partial cases Ansatz I:
Ansatz II:
We also consider separately the following ansatz:
which is attractive, because in this case under the condition λ m = 0 coefficients of equation (9) become constant, and its general solution has the simple form [49] 
Moreover, we also consider two more interacting scenarios when the EoS of DE obeys the Chevallier-PolarskiLinder (CPL) parametrization [53, 54] Ansatz IV:
and the linear parametrization [56] [57] [58] Ansatz V:
Here in both (20) , (21) , w d0 , and w 1 = dw d (z)/dz at z = 0 are two free parameters to be constrained by the observational data. The dependencies of w d (z) in (20) and (21) are alternative to (15).
JOINT ANALYSIS
In order to constrain the proposed models with recent observational data, we use N SN = 580 data points for Type Ia supernovae from Union 2.1 [59] , N H = 39 observed Hubble data points [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] and N BAO = 17 baryon acoustic oscillation data [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] , and finally the cosmic microwave background radiation (CMB) in the form [85] .
Our analysis follows the likelihood L ∝ exp(−χ 2 /2) where χ 2 = i χ 2 i (i runs over the all data sets employed in the analysis). We calculate the best-fitted values of the free model parameters with their corresponding uncertainties from the minimization of the χ 2 function. We use two different combined analysis with the likelihoods
In the next subsections, we shall shortly describe different data sets and the corresponding χ 2 functions.
Union 2.1 data points
Type Ia Supernovae are the first indication for existence of some dark energy in our Universe [1, 2] . The observable quantities from a Type Ia supernova (SN Ia) are its redshift z and its apparent magnitude m obs , but in the survey [59] values m obs are recalculated into distance modulus
Here, additive terms include the SN Ia absolute magnitude M and corrections connected with deviations from mean values of lightcurve shape (x 1 ), SN Ia color (c) and mass of a host galaxy (the factor P ). The parameters M ,ᾱ,β andδ are considered in Ref. [59] as nuisance parameters, and they are fitted simultaneously with H 0 and other cosmological parameters in the flat ΛCDM model. This approach is usual in SN Ia analysis [86] [87] [88] . So values (24) in Ref. [59] may have a model dependent additive term (a systematic error) with concealed dependence on H 0 and other model parameters.
We have to keep in mind this fact, when we compare the observable values (24) from Ref. [59] with theoretical values of distance modulus, corresponding to redshift z:
Here, µ 0 = 42.384
with (25) (25) . To compare these theoretical values with the observational data z i and µ obs (z i ) [59] we use the 580 × 580 covariance matrix C SN from Ref. [59] and the functioñ
To exclude the possible systematic errors in µ obs mentioned above, we follow the marginalization procedure, suggested in Ref. [86] , and consider below the minimum of the sum (27) over H 0 (or over µ 0 )
In this paper, for all models we use the marginalized function (28) to describe the SNe Ia data [59] .
Hubble parameter data
The Hubble parameter H at some certain redshift z can be measured from differential ages of galaxies [60] [61] [62] [63] [64] [65] with using the following formula:
In addition, estimations of H(z) may be extracted from line-of-sight BAO data [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] .
In this analysis we use N H = 39 observed Hubble parameter values [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] in the range 0.070 ≤ z ≤ 2.36, which are listed in Table ( 
BAO data
Observational data, connected with baryon acoustic oscillations (BAO), include the distance [6] 
Here r s (z d ) is sound horizon size at the end of the drag era z d . In this paper we use the fitting formula from
Ref.
[89]
Here dependence on neutrino contribution Ω ν is negligible for reasonable values m ν ≤ 0.23 eV [42] (below we suppose m ν = 0.06 eV [42, 89] ). Calculations with similar observational data and with the function (31) were made in Ref. [90] for the models: ΛCDM, with generalized and modified Chaplygin gas and with quadratic equation of state (described below in Sect. 4). The best fitting value of Ω b0 in Eq. (31) Ω b0 = 0.044 (32) was obtained for the ΛCDM and appeared to be just the same for 3 other models in Ref. [90] . One should note that the value (32) is connected with the formula (31) . Calculations in Ref. [90] with the more simple fitting for-
for all 4 models demonstrated similar estimations of model parameters, but very weak dependence of them on Ω b0 . It is connected with similarity in properties of dark matter and baryons. Due to this reason we do not consider Ω b0 as a free model parameter and fix it in the form (32) for all models in this paper. The additional reason is necessity to minimize a number of free model parameters for considered scenarios.
To take into account all available BAO data [66, 67, 69? -84] for parameters (30), we consider in this paper N B = 17 data points for d z (z) and 7 data points for A(z) presented in the Table II. Measurements of d z (z) and A(z) from Refs. [76, 79] in Table II are not independent. So the χ 2 function for the values (30) is
where 
CMB data
Cosmological data associated with the cosmic microwave background (CMB) radiation include parameters at the photon-decoupling epoch z * = 1089.90 ± 0.30 [42] , in particular, the comoving sound horizon r s (z * ) and [85, 89] . In this paper we use the CMB parameters in the form [85] 
In the corresponding χ 2 function
we use the covariance matrix C CM B and the distance priors ∆x = x − 1.7448, 301.46, 0.0224 , from Ref. [85] , which were derived from [42] data with free amplitude of the lensing power spectrum. We investigated, how the χ 2 functions (22) and (23) (10)), the constraints on the model parameters are presented in Table III and the corresponding plots are shown in Fig. 1 . The first and third rows of panels in Fig. 1 illustrate how the minimum of the sums (22) (min χ . In these cases we have different 1σ intervals for Ω k (see Table III , The panels in the second and forth rows of Fig. 1 correspond to the above panels and present dependencies of coordinates of minima points (optimal values of parameters) on H 0 , . . . , Ω k for the function χ For the variable EoS in DE, presented in section 2.2, we summarize their observational constraints in Table III for both SNe+H(z)+BAO and SNe+H(z)+BAO+CMB. We consider several possibilities for variable w d . The first one is very general given in Eq. (14) and it provides three distinct possibilities in equations (16), (17) and (18) while additionally we consider CPL (20) and linear parametrizations (21) . The general ansatz (14) with its solution (15) gives not only new possibilities, but also additional problems of the following two types: (i) two extra model parameters (3 parameters w d0 , α and β instead of one w d ); (ii) singularities in the past, which appear in different scenarios of the class (15) .
These singularities connected with bad behavior of densities ρ dm , ρ d or their sum ρ T at a moment t s in the past, when the scale factor remains finite and nonzero a(t s ) = 0 , they may be classified into the following three types:
These cases resemble classification of singularities in Refs. [91] [92] [93] . For singularities (35) space with singular behavior of physical densities irrespective of type (35) . The example of singular solution with the type (c1) singularity (35) is shown in Fig. 2 .
In Fig. 2 we compare the regular solution for Ansatz I (16) (the top panel) with the singular solution in the bottom panel. One can see how the scale factor a (blue solid lines) and densities Ω m = ρ m /ρ cr (magenta dash-dotted lines) and Ω d (τ ) = ρ d /ρ cr (green dashed lines) depend on dimensionless time τ = H 0 t. Here ρ cr = 3H 2 0 /8πG is the critical density of the universe. The model parameters are taken with their optimal values from Table III for χ   2 Σ , but for the type (c1) singularity (the bottom panel) with difference only in one value: λ m = −0.01. In this singular case the DE density Ω d becomes negative at τ < τ s .
We mentioned above, that the number N p of model parameters for scenarios with variable w d satisfying Eq. (14) is too large, it is disadvantage in competition with other models in accordance with information criteria [94] [95] [96] . So we have to exclude non-flat scenarios and fix in this section Ω k = 0. But even for the flat case we have N p = 7 parameters:
An attempt to exclude λ m appeared to be unsuccessful: though in the case λ m = 0, we can avoid some singularities (35) and instabilities in perturbations [97, 98] , but the best value of the function (23) For Ansatz I (α = 0) we have no acceptable analytic solution of Eq. (9), so we investigate numerical solutions of the system (1), (3), (4), (8), (16) Table III only a bit better than the value 576.98 for the case w d = const with Ω k = 0. Note that the both variants turn into this case, if we take β = 0 and α = 0 in Eqs. (16), (17), respectively.
When we compare the variants of the model (14), we keep in mind that Ansatz I (α = 0) and Ansatz II (17) (β = 0) have the same number of model parameters N p = 6, but for the case of w d = const with Ω k = 0, this value is N p = 5. We try to minimize N p , hence, here and below for all variants of the model, we consider only the flat case (Ω k = 0). In Fig. 3 we compare both Ansatz I and Ansatz II where we see that for Ansatz I, the essential advantage is in the absolute minimum of χ Fig. 3 is similar for both presented variants of the model, but the upper curves for χ 2 tot are more narrow. As usual, these minima are taken over all remaining parameters. In other panels we see different dependence of these minima on λ m , λ d and β. These behavior in some cases are connected with various singularities (35) , which can appear in certain domains of the parameter space.
In Fig. 4 we demonstrate how the most successful variants of the model with parameters from Table III describes SNe data [59] with the functions D L (z) (the upper panel) and H(z) data from Table I (the middle panel); in the bottom panel we draw the corresponding plots of the interaction function (8):
The H(z) data in the middle panel are marked as cyan or magenta stars, if they are obtained from differential ages or from BAO data. From Fig. 4 , we see that the plots of D L (z) and H(z) are practically coincide for all considered variants.
For the five most successful variants of the model, the dotted lines correspond to the optimal parameters for χ (SNe+H(z)+BAO). We observe that the observational data SNe+H(z)+BAO always suggest that there is a transition of Q at late time from its positive values to negative values, and the transion occurs around z 0.4. On the other hand, for the observational data SNe+H(z)+BAO+CMB, except for Ansatz I (in this case Q remains positive throughout the evolution of the universe), all other variants keep the same behaviour as we observe for the data SNe+H(z)+BAO. That means Q changes its sign from positive to negative values around the same redshift. Thus, we find that almost all variants allow the flow of energy from CDM to DE at late time (precisely for z 0.4) while at for z 0.4, the energy flow takes place from DE to CDM. Moreover, for w d = constant (both for Ω k = 0 and Ω k = 0), as seen from the Fig. 4 , the quantity Q/Q 0 is very very close to zero, that means, a very small interaction is favored in this case. It is an interesting result becasue some other interactions also conclude very small interaction in the dark sector for constant w d , see [30, 31, 36] .
For the Ansatz III (18) the best values of min χ 2 Σ and min χ 2 tot (see Table III ) are worse, than the corresponding minima for other variants of the model with the same N p = 6. The main drawback of Ansatz III is that its solutions behave badly with the optimal parameters: they are close to singular solutions of types (a) and (c) (35) . So in our calculations of values in Table III we had to bypass singular domains in the parameter space. We in- vestigate the same ansatz (Ansatz III) with the choice λ m = 0, considered in Ref. [49] since the background is analytically solved for this case, see eq. (19) . For this model our analysis shows that min χ 2 Σ 576.81 and min χ 2 tot 577.46. Thus, it is seen that this variant with analytic solutions appeared to be unsuccessful in comparison with the case (10): w d = const, Ω k = 0 (for these variants N p = 5, so they are comparable). Due to these reasons we do not present the constraints for λ m = 0, α = 1 in a separate line in Table III . Thus, we observe that Ansatz III for both choices λ m = 0 and λ m = 0 is not suitable as reported by the observational data. So, we do not present any graphical analysis for this ansatz. 576.07 (see Table III ). However, the minimum of χ Table III we show the plots for DL(z) (upper panel) describing the SNe data [59] , H(z) functions with the data from Table I (middle panel) and Q(z) dependence (lower panel). We note that the same labels in the lower panel follow for the other two plots (i.e. upper and middle plots). We further note that the plots for different variants of the models both in upper and middle panel are almost indistingushable from each other while although in the lower panel the plots for Q(z)/Q0 are distingushable for large reshift but for low redshifts they are also indistinguishable from each other.
of min χ 2 Σ and min χ 2 tot for Ansatz IV (20) and Ansatz V (21) . In the bottom panels we draw two dimensional contour plots for Ansatz IV with filled contours for χ Table III , one can see that the value of w 1 for both ansatze (Ansatz IV and Ansatz V) significantly chnages after the inclusion of the CMB data.
INTERACTING AND NON-INTERACTING MODELS: A STATISTICAL COMPARISON
In this section we compare our interacting dark energy scenario with some other existing non-interacting cosmological models purely from the statistical ground.
In Table IV we demonstrate how these models describe the same observational data for SNe Ia [59] , H(z) and BAO from Tables I, II . Calculations were made in accordance with the procedure described in Sect. 3, and in Ref. [90] . Therefore, we will briefly describe the models in the following subsections.
Modified Chaplygin gas and its family
The equation of state for modified Chaplygin gas (MCG) with pressure p g and energy density ρ g is [99, 100] 
Modified Chaplygin gas is the subsequent generalizations of Chaplygin gas (EoS: p g = −B/ρ g ) and generalized Chaplygin gas (GCG) with EoS [101] :
In these models GCG or MCG acts as a unified candidate for dark matter and dark energy. In Table IV for the MCG and GCG models we cite the results of calculations from Ref. [90] , where these scenarios were explored as two-component models with usual dust-like baryonic matter component ρ b and the Chaplygin gas component ρ g : ρ = ρ b + ρ g . In this case the Friedmann equation (1) is
.
Here the dimensionless parameter B s = Bρ
/(1 + A) is used instead of B, and ρ g0 = ρ g (t 0 ).
For MCG, GCG and other cosmological models the estimations in Table IV were made for the value Ω b0 = 0.044 (Eq. (32)). It is shown in Ref. [90] , that this value is optimal for the ΛCDM, MCG, GCG and the model with EoS (38), if we use the fitting formula (31) . These estimations were supported with the more simple fitting formula r d = (r d h) f id · h −1 , but in the latter case the mentioned models are not sensitive to a value Ω b0 in the range 0 ≤ Ω b0 ≤ 0.15, because of similarity in properties of dark matter and baryonic matter. Due to this reason we do not consider Ω b0 as a free model parameter and fix it in the form (32) for all models in Table IV .
One can see in Table IV that model the minimum of χ 2 Σ is worse, however in this case we have N p = 4 parameters (because A = 0), so the GCG model gets advantage from information criteria.
Quadratic equation of state
We consider a cosmic substratum having quadratic equation of state which has similar unified behavior as in MCG. Further, this quadratic EoS asymptotically becomes of de Sitter type. The EoS [90, 102] 
includes the first three terms of the Taylor series expansion of an arbitrary function p = f (ρ g ), wherep 0 , w 0 ,β are free parameters. It is convenient to rewrite this EoS in the form [90] 
where p 0 =p 0 /ρ cr , β =βρ cr are the dimensionless parameters and ρ cr = 3H 2 0 /8πG. Solving the conservation equation (2), we obtain the energy density ρ g in the form
. Hence, the evolution equation can be written as
The value min χ 2 Σ = 576.03 for the model (38) in Table IV is better than for the MCG model, it is close to the best result of Ansatz V (21).
CPL parametrization
We also consider the universe including cold dark matter and a dark energy component with ChevallierPolarski-Linder (CPL) parametrization [53, 54] , i.e. Eq. (20)
where w 0 , w 1 are two free parameters. In presence of this dark energy component (with its present time fraction
It is interesting to compare this model with the considered above variant (20) 
Linear parametrization
The model with linear parametrization in EoS is similar to the considered above CPL parametrization (39) , but has the following EoS [56] [57] [58] 
where w 0 , w 1 are two free parameters to be constrained by the observational data. The evolution equation for a universe made of cold matter and the dark energy with the above equation of state is
One can see in Table IV Hierarchy of the scenarios in Table IV will change, if we take into account information criteria which use a number N p of model parameters (degrees of freedom). In particular, the Akaike and Bayesian information criteria are given by [94] [95] [96] 
where N is the number of data points used in the fit. These criteria give advantage to the ΛCDM and other models with minimal N p .
SUMMARY
In the FLRW background of our Universe we have considered an interacting scenario between dark matter and dark energy where both of them obey barotropic equation of state. The interaction is a linear combination of the energy densities of the dark components in the form Q = 3 H λ m ρ m + 3 H λ d ρ d , where (λ m , λ d ) are the coupling parameters describing the strength and direction of energy flow from their sign (i.e. whether Q > 0 or Q < 0). Since the EoS in DE could be either constant or variable, hence we have examined both the possibilities to explore the cosmological scenarios with the use of current astronomical data. For w d = constant, the evolution equations for matter and dark energy take analytic forms. For variable w d we have proposed three ansatze in Eqns. (16) , (17) , (18) , which emerge from the generalized ansatz given in Eq. (14) . In addition to these, we have considered two more variable EoS in DE in the forms of CPL and linear parametrizations in equations (20) , (21), respectively. Altogether, we have considered 7 variants for the present interacting model for a detailed analysis.
Henceforth, with the introduction of 7 variants of the EoS in dark energy, we constrained the model parameters using the joint analysis of Union 2.1, Hubble parameter measurements, baryon acoustic oscillation data points and cosmic microwave background shift parameter. We used statistical minimization technique for the χ 2 functions where we consider two different joint analyses (i) χ Table III .
We found that for w d = constant, the curvature parameter Ω k plays significant role in the analysis. We investigated the cases Ω k = 0 and Ω k = 0. The difference in the behavior of min χ 2 Σ and min χ 2 tot for both the variants has been presented in the top panels of Fig. 1 and in Table III . For the case Ω k = 0 of the model with w d = constant, the minimal value of χ 2 Σ is better, so for this case we presented two dimensional contour plots at 1σ, 2σ, 3σ confidence levels in Fig. 1 .
Further, the possibility of variable EoS in DE has been investigated with 5 different variants in Eqs. (16) − (21) for the present interaction. We found that the variants may experience singularities (35) (see Fig. 2 ) at finite time, and hence, we excluded the domains of the parameters leading to the singular behavior and analyzed them by the current data sets mentioned above. In most of the cases we notice that one of the coupling parameters of the interaction possesses negative sign, so during the evolution of the universe the present interaction Q changes its sign, thereby the direction of energy flow changes. This effect has been shown in Fig. 4 (see the bottom one) for some successful variants of the model. This shows that for z 0.4, almost all successful variants (except Ansatz I) predict the flow of energy from CDM to DE (i.e. Q < 0) while for z 0.4, the energy flows from DE to CDM (i.e. Q > 0).
Furthermore, in figures 3, 5, we have presented the graphical variation of the min χ 2 Σ and min χ 2 tot over the model parameters for the variable EoS in DE presented in the paper. For Ansatz I and Ansatz IV (CPL parametrization), we have presented the contour plots in the two dimensional plane for several couple of model parameters at 1σ, 2σ, 3σ confidence levels.
For all variants of the model with variable w d , the positions of the minimum points in parameter spaces are essentially different for the functions χ 2 Σ and χ 2 tot . In fact, we observe that the minimal values of χ 2 tot for these variants are larger in these cases. Based on the analysis we may conclude that the interacting model with w d = constant, is the most successful one in respect to all observational data.
Finally, some of the successful variants of the interaction model, such as, w d = constant (with Ω k = 0 and Ω k = 0), Ansatz I, Ansatz IV, Ansatz V have been compared with some known non-interacting cosmological models, such as, ΛCDM model, unified models, namely, the generalized Chaplygin gas (GCG), modified Chaplygin gas (MCG), a fluid with quadratic equation of state, and finally with CPL and linear parametrizations in DE. The results have been presented in Table IV .
It is found that the present interacting DE model with constant w d slightly favors the phantom region in agreement with the latest report [30] . The best absolute value of min χ 2 Σ is achieved for the interacting model with EoS (21) (Ansatz V). The second result demonstrates that among the non-interacting models the model with quadratic EoS in (38) provides a better fit with the observational data. However, the number of model parameters of this non-interacting model (N p = 5) is less than the number of model parameters for the interacting model (21) , but larger than the number of model parameters in models GCG or ΛCDM. Finally, we notice that although different models have different model parameters, still from AIC and BIC analysis, the models presented in Table IV do not deviate so much from the ΛCDM model with minimum number of model parameters in comparison with others.
